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The van-der-Waals gap of iron chalcogenide superconductors can be intercalated with a variety
of inorganic and organic compounds that modify the electron doping level of the iron layers. In
Lix(C3N2H10)0.37FeSe, a dome in the superconducting transition temperature Tc has been reported
to occur in the doping range of x = 0.06 to x = 0.68. We use a combination of density functional
theory and spin fluctuation theory to capture the evolution of superconducting transition temper-
atures theoretically. We clearly demonstrate how the changing electronic structure supports an
increasing superconducting Tc. The suppression of Tc at high doping levels can, however, only be
understood by analyzing the magnetic tendencies, which evolve from stripe-type at low doping to
bicollinear at high doping.
Introduction.- Iron chalcogenide superconductors,
while structurally simple, have emerged as one of the
most interesting and electronically most complicated of
the various families of iron-based superconductors1–3.
FeSe, in particular, is intensely studied due to its ne-
matic phase which occurs in a very large temperature
range4 and due to its peculiar electronic structure that is
not correctly captured by any known electronic structure
technique5. After the discovery of superconducting FeSe6
it was realized that the superconducting transition tem-
peratures can be significantly enhanced if the van der
Waals gap between the iron selenium layers is interca-
lated with alkali metal ions, for example by the ammo-
nia technique7–10 or directly in the structurally compli-
cated AxFe2−ySe2 type of compounds with A = K, Rb,
Cs11,12. Further possibilities are completely inorganic
lithium hydroxide intercalates13,14, and alkali metal in-
tercalates stabilized by organic solvents15. Not only FeSe
but also FeS16 and FeSe1−xTex17,18 can be intercalated.
At least three tuning parameters have been identi-
fied that provide control over the superconducting tran-
sition temperature: Pressure can increase the Tc of
bulk FeSe from 8 K at ambient pressure to 36.7 K19.
By electron doping via lithium and ammonia inter-
calation, Tc up to 55 K can be reached
10. The
spacing between FeSe layers can be systematically in-
creased using amines of increasing size, like ethylene-
diamine (C2H8N2)
15,20, 2-phenethylamine (C3H11N)
21,
diaminopropane (C3H10N2)
20,22, hexamethylenediamine
(C6H16N2)
23,24, and Tc up to 41 K has been observed
24.
Tuning parameters can also be combined, for exam-
ple by pressurizing doped FeSe intercalates25–28. When
parameters like pressure or doping, which can be varied
continuously, are tuned away from their optimal values,
characteristic superconducting domes are observed25–29.
Here, we are interested in finding microscopic expla-
nations for superconducting domes, also in the hope of
discovering ways to manipulate and increase transition
temperatures. Theoretically, superconductivity in iron-
based materials has been tackled from a weak coupling
perspective, describing Fermi surface instabilities that
lead to superconductivity via spin flucutations30–32, and
from a strong coupling picture by considering these mate-
rials as doped Mott insulators, where superconductivity
is obtained from approximatively solved t-J models33–35.
However, capturing superconducting Tc trends continues
to be a theoretical challenge36. Within a spin fluctuation
scenario, the Tc increase with doping has been explained
for lithium ammonia intercalated FeSe37, and for FeS, a
pressure induced double dome was captured38. The dis-
pute between itinerant and localized electron pictures is
ongoing, and while some iron-based superconductor fam-
ilies, like 1111, are more itinerant, others, like hole doped
122 and iron chalcogenides are more localized. In fact, su-
perconductivity can be shown to depend both on Fermi
surface shape and antiferromagnetic exchange39. Even
in the absence of a magnetic ground state, the nature
of the magnetic exchange has important implications for
nematicity and superconductivity in FeSe40 and for the
differences between iron pnictides and germanides41.
In this Rapid Communication, we will focus
on the lithium diaminopropane intercalated material
Lix(C3N2H10)0.37FeSe where charge doping has been
controlled experimentally in a wide range 0.06 ≤ x ≤
0.6822. We will work both in the itinerant scenario by
applying spin fluctuation theory and in the localized pic-
ture by working out the consequences of the Heisenberg
interactions. We will show that the underdoped side of
the superconducting dome can be well understood based
on Fermi surfaces, but in order to explain the decreas-
ing Tc at high doping, we need to evoke the high energy
argument that, with increasing carrier density, magnetic
interactions mutate from FeSe-like to FeTe-like.
Methods.- We study the electronic structure of
Lix(C3N2H10)0.5FeSe as a function of doping by perform-
ing a series of density functional theory (DFT) calcula-
tions within the full-potential local orbital (FPLO)42 ba-
sis, using the generalized gradient approximation (GGA)
ar
X
iv
:2
00
5.
06
21
5v
1 
 [c
on
d-
ma
t.s
up
r-c
on
]  
13
 M
ay
 20
20
2−2
−1
 0
 1
 2
Lix(C3N2H10)0.5FeSe (x = 0.26)(a) (b)
E
−
E F
 
( e V
)
Γ X M Γ Z R A
E
−
E F
 
( e V
)
E
−
E F
 
( e V
)
Fe 3dxy
E
−
E F
 
( e V
)
Fe 3dyz
E
−
E F
 
( e V
)
Fe 3dxz
E
−
E F
 
( e V
)
Fe 3dz2
E
−
E F
 
( e V
)
Fe 3dx2−y2
FIG. 1. (a) Crystal structure of Lix(C3N2H10)0.5FeSe; the Li
position is only 26% occupied, indicated by partial coloring.
(b) Corresponding bands near the Fermi level EF with Fe 3d
orbital weights.
exchange correlation functional43 and 24 × 24 × 24 k-
mesh. We construct tight-binding models including all
ten Fe 3d orbitals using projective Wannier functions44.
Using the glide reflection unfolding technique45, we turn
the ten-band into a five-band model. We calculate the
noninteracting susceptibility χ0 on a 50×50×10 q-mesh.
We employ the random phase approximation (RPA) to
calculate spin and charge susceptibilities and solve a gap
equation to obtain pairing symmetry ∆ and eigenvalue
λ46,47. On the other hand, we use the energy map-
ping method to measure the exchange interactions of
Lix(C3N2H10)0.5FeSe
41,48,49 and iterative minimization
to find ground state spin configurations for the calculated
Hamiltonians50,51.
Results.- We first generate a sequence of crystal struc-
tures for Lix(C3N2H10)0.37FeSe based on the structural
data determined by Sun et al.22. We smoothly interpo-
late the structural data for the lattice parameters and the
FeSe layer (see Ref. 51 for details, in particular Fig. S1)
and simplify the disordered diaminopropane molecules to
a single molecule per two FeSe, yielding the composition
Lix(C3N2H10)0.5FeSe shown in Figure 1 (a). We mount
the C3N2H10 molecule with fixed geometry into the en-
tire structure sequence, since bond lengths and angles of
a neutral molecule should not be affected by the charging
and contraction of the FeSe layer (see Ref. 51 for further
details). An example of the DFT electronic structure
with Fe 3d weights is shown in Figure 1 (b). Calcu-
lations for the complete sequence of structures without
diaminopropane molecule, in P4/mnn symmetry, yield
similar results51.
We first quantify the charge doping by integration of Fe
3d total and partial electron densities. We find that the
charge −xe provided by Li+x is indeed fully doping the
Fe plane; Fe charge evolves almost linearly from ntotal3d =
6.06 to 6.65 in the interval 0.06 < x < 0.68 (see Ref. 51,
Fig. S2).The orbital with strongest charge increase is dxy,
followed by dxz/dyz.
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FIG. 2. Evolution of the Fermi surface of
Lix(C3N2H10)0.5FeSe at kz = 0 with doping. The Fe
3d orbital weights are indicated by color. Orbital weight of
Fe 3dz2 at the Fermi level is nearly negligible.
The decisive factor in spin fluctuation theory is Fermi
surfaces. We show in Figure 2 the unfolded one iron
Fermi surfaces of Lix(C3N2H10)0.5FeSe for six doping lev-
els (see Fig. S3 of Ref. 51 for the same without C3N2H10
molecules). First of all, we note that the overall number
and size of Fermi surface pockets are in good agreement
with those observed by angle resolved photoemission
in the related FeSe intercalates (Li0.84Fe0.16)OHFe0.98Se
and (Tl,Rb)xFe2−ySe2 (see Fig. 1 of Ref. 52). Even
though we do not know the precise doping levels of those
compounds, the overall similarity in the Fermi surfaces
gives us confidence that for Lix(C3N2H10)0.5FeSe, we can
avoid the difficulties of bulk FeSe where size and symme-
try of Fermi surfaces are captured neither by DFT nor
its extensions. Note, also, that DFT+DMFT, as applied
in Ref. 22, has only a small effect on the Fermi surface
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FIG. 3. Diagonal elements of the spin susceptibility as a func-
tion of momentum vector and doping.
of Lix(C3N2H10)0.5FeSe. Thus, the DFT Fermi surfaces
are a reasonable starting point for the description of the
material. We would like to stress that we take advantage
of the fact that in contrast to bulk FeSe where supercon-
ductivity develops out of a paramagnetic nematic phase
with strong fluctuating magnetic moments which is not
fully captured by DFT or DFT+DMFT, magnetic ten-
dencies of FeSe intercalates are more conventional and
therefore amenable to the electronic structure methods
we employ here.
The dominant feature in the Fermi surface evolution
with doping is the strong growth of the large angular
electron pockets around the X and Y points in the one
iron Brillouin zone (BZ). They have combined dxy and
dxz/dyz character. The hole pocket with dxy character
at the M point in the one iron BZ is rather insensitive to
doping. Finally, several Lifshitz transitions occur around
Γ with doping, as expected for an iron-based supercon-
ductor and previously noted in Ref. 22. In a doping range
of 0.24 < x < 0.30, an inner hole pocket disappears, an
outer hole pocket disappears, and an electron pocket ap-
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FIG. 4. (a) Leading eigenvalues λ of the gap equation as a
function of doping level x. A jump is visible between x =
0.26 and x = 0.27, where both of the hole pockets around Γ
disappear due to a Lifshitz transition. (b)-(d) Leading gap
functions on the Fermi surface at doping x = 0.20. (e)-(b)
The same at doping x = 0.40. All of the results are obtained
by calculations without C3N2H10.
pears; all these are of dxz/dyz character. The appearance
of an electron pocket at Γ with doping has also been ob-
served with ARPES on a potassium coated FeSe mono-
layer53. Without diaminopropane molecule, the Lifshitz
transitions are spread over a range 0.17 < x < 0.38,
in reasonable agreement with the DFT calculations of
Ref. 22.
The main effect on the density of states at the Fermi
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FIG. 5. Evolution of three in-plane exchange couplings of
Lix(C3N2H10)0.5FeSe as a function of doping x, obtained from
the energy mapping technique. The inset shows the three
exchange paths on the iron square lattice.
level N(EF) (shown in Ref. 51, Fig. S4) is a 30% re-
duction around x = 0.27 (or x = 0.35 in the calculation
without C3N2H10), which results from the disappearance
of the two hole pockets; the appearance of the small elec-
tron pocket and its growth with doping helps N(EF) to
recover.
In the series of calculations without C3N2H10 molecule,
we observe a doping range 0.55 < x < 0.62, where the
Fermi level is pinned to a band crossing. Topological
properties of iron-based superconductors have recently
been discussed intensively54–57. The presence of diamino-
propane molecules in a fixed position as shown in Fig-
ure 1 (a) breaks the P4nmm symmetry of LixFeSe and
leads to the opening of a small gap in the band crossing.
The high symmetry may be restored on average due to
the statistical distribution of molecules in the high sym-
metry of the P4212 space group observed experimentally.
Further theory and experiments are required to deter-
mine the nature of Lix(C3N2H10)0.5FeSe in the doping
range 0.55 < x < 0.62. As the unfolding does not capture
the N(EF) suppression in this doping range, we exclude
it from our present discussion.
We now proceed to the spin fluctuation analysis by cal-
culating the RPA spin and charge susceptibilites. As a
representative example, we show in Figure 3 the diagonal
components χsxy and χ
s
yz for the structures with C3N2H10
molecule. At low doping, the diagonal element χsxy (Fig-
ure 3(a)) is dominated by a peak close to X and a minor
peak close to M . These correspond to a nesting vector,
Q = (pi + δx, 0 + δy, qz) connecting the electron pocket
around X/Y and the hole pocket around M point, and
a nesting vector Q = (pi + δx, pi + δy, qz) connecting the
electron pocket around X and that around Y . Further-
more, χsyz has a peak around X, which corresponds to a
nesting vector Q = (pi+δx, 0+δy, qz) connecting the hole
pocket around Γ and the electron pocket around X. The
nesting vectors change with δx, δy because the electron
pockets around X/Y grow. In both cases, the suscep-
tibility peak formerly close to X progressively evolves
towards Q = (pi, pi/2, qz) with increasing doping. This
tendency is further accentuated by the Lifshitz transi-
tion in the range 0.24 < x < 0.30, which also rotates the
orbital weights on the dxz/dyz hole pockets around Γ by
90 degrees.
Overall, we see an increase in both susceptibilities with
doping. This is in line the upward trend of N(EF) which
is interrupted by the loss of hole pockets around x = 0.27
and by the band crossing pinned to the Fermi level for
0.55 < x < 0.62. In agreement with this observation, the
trend of the eigenvalue λ of the linearized gap equation
as shown in Figure 4 is an increase over the entire doping
range, with the exception of x = 0.27 where the Lifshitz
transitions cause an abrupt drop of λ. The leading insta-
bilities are different types of sign changing s wave in the
whole region.
Clearly, the itinerant electron analysis of superconduc-
tivity in Lix(C3N2H10)0.5FeSe presented so far can be
used to explain the increasing Tc up to x = 0.37 ob-
served in Ref. 22 (replotted for convenience in Ref. 51,
Fig. S5) but not its suppression for higher doping.
As an alternative, we now turn to the localized mag-
netic moment nature of the Fe 3d electrons to search
for a mechanism to suppress superconductivity. Fig-
ure 5 shows the first three in-plane exchange couplings
of Lix(C3N2H10)0.5FeSe determined by energy mapping.
The inspection of Heisenberg Hamiltonian parameters at
this point should not be confused with the assumption
of a magnetic ground state; rather, the purpose here is
the analysis of the nature of the spin excitations out of
which superconductivity is realized.
We find a smooth evolution of exchange couplings over
the entire doping range. At small doping, the system
starts with all couplings antiferromagnetic, J2 = 0.61J1
and J3 nearly negligible. This makes the leading mag-
netic instability stripe-type AFM51, in perfect agreement
with the weak coupling evidence of peaks at X in the spin
susceptibility χs (Figure 3). As doping increases, J1 de-
creases more rapidly than J2 so that at x = 0.33, J1 and
J2 coincide. This evolution strengthens the stripe-type
AFM instability. However, the decrease of J1 accelerates
until at x = 0.47, J1 crosses zero and becomes ferro-
magnetic. Meanwhile, J3 is gradually increasing until at
x = 0.6, it becomes as large as J2. With FM J1 and
substantial AFM J3, bicollinear AFM has taken over as
leading magnetic instability of Lix(C3N2H10)0.5FeSe (see
Ref. 51, Figs. S6 and S7). Note, that in the strongly
doped region, the spin susceptibilities in Figure 3 do show
a peak close to Q = (pi/2, pi/2, 0) corresponding to the
bicollinear order, but as this is not the dominant insta-
bility, the Heisenberg Hamiltonian cannot be understood
based on the Fermi surface alone.
5The bicollinear state is the magnetic ground state of
FeTe, and as optimally doped FeTe1−xSex has a Tc of
only 14.5 K58, our calculation provides a strong ratio-
nalization of the the falling Tc as the magnetism of
Lix(C3N2H10)0.5FeSe becomes more and more like that
of FeTe. We identify the ferromagnetic tendencies of the
nearest neighbour exchange as the key factor for deter-
mining the Tc evolution on the high doping side of the
superconducting dome, outplaying all weak coupling ef-
fects of growing Fermi surfaces and growing density of
states at the Fermi level.
Note that a similar transition of J1 from AFM to FM
was found for a theoretical substitution series between
iron pnictides and iron germanides41, where supercon-
ductivity is in fact suppressed in the germanide. It is
an interesting open question if the effect of ferromag-
netic nearest neighbour interactions and thus a down-
ward trend in Tc under electron doping could be captured
in frequency dependent weak coupling methods like the
fluctuation exchange approximation36.
Conclusions.- We have analyzed the superconductiv-
ity of Lix(C3N2H10)0.5FeSe as function of doping in the
range 0.06 ≤ x ≤ 0.68 both from itinerant electron
and localized moment perspectives. We find that on
the low doping side x ≤ 0.37, growing Fermi surfaces
and densities of states at the Fermi level are the basis
for explaining growing Tc with spin fluctuation theory.
For higher doping level, weak coupling arguments would
lead to the erroneous conclusion that Tc should con-
tinue to grow. However, the progressive destabilization
of stripe type AFM fluctuations toward bicollinear anti-
ferromagnetism explains why Tc decreases for x > 0.37.
Lix(C3N2H10)0.5FeSe turns out to be a perfect demon-
stration of the fact that iron-based superconductivity can
only be understood by fully accounting for itinerant and
localized aspects of the Fe 3d electrons. Our study high-
lights that in Lix(C3N2H10)0.5FeSe, as in many strongly
correlated materials, superconductivity develops out of
magnetic interactions that are high energy, not Fermi
surface properties, and treating this important class of
materials quantitatively calls for further refinement of
theoretical methods.
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FIG. S1. Structural parameters from Ref. 1 (symbols) and
interpolation (lines). Calculations were performed for inter-
polated structures in steps of ∆x = 0.01.
I. CRYSTAL STRUCTURES
The study of Lix(C3N2H10)0.37FeSe requires prepa-
ration of model structures as the experimental crystal
structure provided in Ref. 1 contains some disorder and
is not directly amenable to DFT calculations. First of all,
the diaminopropane molecule is placed on an 8g Wyck-
off position of the P4212 space group with partial occu-
pancy of 0.093, leading to 0.372 C3N2H10 molecules per
FeSe. We simplify this structure by lowering the sym-
metry to P1 and by picking one of the eight symmetry
equivalent C3N2H10 molecules. This leads to the approxi-
mate stoichiometry Lix(C3N2H10)0.5FeSe. This structure
is shown in Figure 1 of the main text. Note that Sun et al.
show a very similar simplified structure1. The simplifi-
cation is justified because the diaminopropane molecules
are important for fixing the interlayer distance; however,
electronically, the highest occupied molecular orbitals are
significantly below the Fermi level while the lowest un-
occupied molecular orbital is slightly above the Fermi
level so that the molecules are not active at the Fermi
level. In order to obtain a finely spaced series of crystal
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FIG. S2. Evolution of the total and orbital resolved Fe 3d
occupation number as a function of doping.
structures of Lix(C3N2H10)0.5FeSe as a function of dop-
ing level x, we interpolate the structural data provided
in Ref. 1 as shown in Figure S1. This guarantees that
we do not incur the well-known difficulties of predict-
ing the chalcogenide z position in iron chalcogenide su-
perconductors. Combining the diaminopropane molecule
coordinates given for x = 0.26 with the lattice parame-
ters of Figure S1 would lead to expanded or compressed
molecules as a function of doping. This would be unreal-
istic as the molecules remain approximately neutral over
the whole doping range, and their bonds should be rigid.
Therefore, we adapt the diaminopropane molecule Wyck-
off positions to the changing lattice parameters, keeping
all distances and angles within the molecules constant.
We model the doping x by using the virtual crystal ap-
proximation for Li, using a nuclear charge between neon
and lithium of Z = 2 + x.
II. ELECTRONIC PROPERTIES
In Figure S3, we show the unfolded one iron
Fermi surfaces of LixFeSe with C3N2H10 molecules
for six doping levels. The corresponding Fermi sur-
faces of Lix(C3N2H10)0.5FeSe are shown in the main
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FIG. S3. Evolution of the Fermi surface at kz = 0 with doping
for LixFeSe without C3N2H10 molecule. The Fe 3d orbital
weights are indicated by color. Orbital weight of Fe 3dz2 at
the Fermi level is nearly negligible.
text. In Figure S2, we show electron densities of
Lix(C3N2H10)0.5FeSe as a function of doping levels
0.06 ≤ x ≤ 0.68. The data are obtained by integrat-
ing iron total and orbital resolved densities of states up
to the Fermi level.
Figure S4 shows the density of states at the Fermi level
N(EF) with and without C3N2H10 molecule. N(EF) of
the ten-band tight binding model faithfully represents the
DFT result. On the other hand, there is some deviation
for the unfolded five-band tight binding model for larger
dopings, and in particular in the range 0.55 < x < 0.62 as
discussed in the main text. These deviations stem from
the dopants, which lower the crystal symmetry compared
to pristine FeSe, so that the unfolding to the five band
model becomes only approximate.
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FIG. S4. Density of states at the Fermi level N(EF) for the
two series of structures used in this study. (a) Full structure
with diaminopropane molecule, (b) LixFeSe with empty van
der Waals gap.
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III. ENERGY MAPPING
The exchange couplings of Lix(C3N2H10)0.5FeSe were
determined by the energy mapping technique2,3. They
are listed in Table S1. 2× 2× 1 supercells with P1 sym-
metry contain eight inequivalent iron sites, allowing for
13 spin configurations with different energies. Two exam-
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FIG. S6. Two examples for the energy mapping of
Lix(C3N2H10)0.5FeSe at (a) x = 0.25 and (b) x = 0.55. In
both panels the inset shows an eight iron supercell with the
minimum energy spin configuration marked by white for up
and black for down. Up to a doping of x = 0.45, the stripe-
type order is lowest in energy, while from x = 0.5, the bi-
collinear order is stabilized.
ples are shown in Figure S6. Due to the metallic nature
of the FeSe intercalate, the fit to the DFT energies is not
as good as in magnetic insulators4 but it is very reason-
able as indicated by the small deviations between fitted
and DFT energies and by the small error bars shown in
Figure 5 of the main text.Note that at large doping, the
bicollinear configuration takes over from stripe-type as
lowest energy spin configuration (Figure S6).
IV. ITERATIVE MINIMIZATION METHOD
The iterative minimization method allows the efficient
determination of ground state spin configurations of clas-
sical spin systems5,6. We use this method to obtain the
ground states of the classical Heisenberg models with
the exchange couplings in Table S1. We Fourier trans-
form the obtained spin configurations to obtain the spin
structure factor S(q). The spin structure factors of
Lix(C3N2H10)0.5FeSe for doping values x = 0.10 and
x = 0.60 are shown in Fig. S7. In the doping region of
0.10 ≤ x ≤ 0.45, we find peaks at q = (pi, 0) or q = (0, pi),
TABLE S1. Exchange couplings of Lix(C3N2H10)0.5FeSe, cal-
culated with GGA and 4× 4× 4 k points. The errors shown
are only the statistical error arising from the energy mapping.
x J1 (meV) J2 (meV) J3 (meV)
0.1 72.3(2.7) 44.1(2.2) 4.5(2.0)
0.15 66.7(2.2) 43.4(1.8) 4.8(1.7)
0.2 59.7(2.1) 41.5(1.7) 5.1(1.6)
0.25 50.4(2.0) 39.0(1.6) 5.7(1.5)
0.3 39.5(1.9) 35.9(1.6) 6.6(1.5)
0.35 28.4(1.7) 33.0(1.4) 7.6(1.3)
0.4 16.9(1.4) 29.6(1.1) 8.8(1.0)
0.45 4.9(1.1) 25.7(9) 10.3(8)
0.5 -7.3(1.0) 21.6(8) 11.2(8)
0.55 -20.4(1.1) 17.5(9) 12.0(9)
0.6 -33.1(1.1) 13.0(9) 12.2(8)
FIG. S7. Spin structure factors S(q) at x = 0.10 and x =
0.60, obtained by Fourier transforming the ground state spin
configuration found with iterative minimization.
indicating stripe AFM order as ground states. On the
other hand, for 0.50 ≤ x ≤ 0.60, as soon as J1 turns fer-
romagnetic, we find peaks at Q = (q, q) where q∼0.4pi.
As it is well known that FeSe also has a substantial bi-
quadratic coupling7 which we do not re-determine here,
the highly doped Lix(C3N2H10)0.5FeSe samples will ac-
tually be in the bicollinear phase with q = (pi/2, pi/2)
and magnetically resemble FeTe.
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